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Abstract
Myopia development in humans depends on a complex interplay between genetic and environmental factors. Many of those who
become myopic when exposed to a myopigenic environment are likely to do so because of a genetic susceptibility, whereas others
somehow remain immune. In the most intensively studied model of environmentally induced myopia, form-deprivation myopia in
the chick, there is convincing evidence of diﬀerential genetic susceptibility to myopia development, both within-strains and between-
strains. To date, however, these have involved relatively small diﬀerential responses. The aim of this investigation was to examine
genetic susceptibility to a highly uniform regimen of form-deprivation in three strains of chick (white leghorn, brown leghorn and
broiler) expected to diﬀer greatly in genetic background and in normal eye size, and to gauge the potential for mapping the
quantitative trait loci (QTL) underlying this diﬀerential susceptibility. Despite striking diﬀerences in normal eye size, all three strains
studied developed a similar degree of induced myopia. Whilst the degree of induced vitreous chamber elongation diﬀered signiﬁ-
cantly between-strains, it was concluded that the high within-strain variation in the response to form-deprivation would prevent the
eﬀective application of QTL mapping approaches to identify genes conferring this susceptibility. In contrast, the strains used here
would be ideal for use in mapping QTL controlling normal ocular component dimensions.
 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Both genetic and environmental factors are impli-
cated in the aetiology of myopia (reviewed by Bear,
1991; Goldschmidt, 1968; Goss, Hampton, & Wickham,
1988; Rosenﬁeld & Gilmartin, 1998; Saw et al., 2000).
Extreme myopia can arise as the result of a purely
genetic or a purely environmental factor, in speciﬁc in-
dividuals. Four discreet loci for highly penetrant
autosomal dominant high myopia have been reported
that cause axial myopia irrespective of the visual envi-
ronment encountered (Naiglin et al., 2002; Young et al.,
2001; Young et al., 1998a; Young et al., 1998b). Con-
versely, the deprivation of form-vision during early in-
fancy results in analogous structural changes to the eye,
again leading to high, axial myopia, but this time with
seemingly little inﬂuence from genetic background
(OLeary & Millodot, 1979; Robb, 1977). However, for
the less extreme degrees of refractive error, polygenic
factors appear to play a major role (Bear, 1991; Goss
et al., 1988; Hammond, Snieder, Gilbert, & Spector,
2001; Lyhne, Sjolie, Kyvik, & Green, 2001), most likely
in combination with environmental factors related to
near work (Angle & Wissmnan, 1980; Saw, Hong, Chia,
Stone, & Tan, 2001; Saw, Katz, Schein, Chew, & Chan,
1996). Because families tend to share both their genes
and their environment, it has been diﬃcult to dissociate
these factors in human populations (Hammond et al.,
2001; Lyhne et al., 2001). However, evidence for
gene-environment interaction has been reported. For
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example, Saw et al. (2001) found that two risk factors
for myopia greater than )3.00 D in children from Sin-
gapore, namely a parental history of moderate/high
myopia and reading >2 books/week, acted together
multiplicatively, rather than additively to confer sus-
ceptibility. Also a recent analysis of ocular refraction in
52 monozygotic twins from Denmark by Lyhne et al.
(2001) found statistically signiﬁcant evidence of gene-
environment interaction (by analysing the correlation
between the intrapair diﬀerences and the intrapair sum
of each twin pairs ocular refraction). In a longitudinal
investigation of late-onset myopia in a population of
clinical microscopists from the UK, McBrien and Ad-
ams (1997) reported that some aspect of near work ap-
peared to act as a myopigenic stimulus only for a
selected group of microscopists, presumably represent-
ing those who were genetically susceptible.
Animal studies allow the contribution of either ge-
netic or environmental factors to be investigated in
carefully controlled settings. With little known at pre-
sent about the genetics of myopia, studies examining
environmental stimuli have dominated this ﬁeld of re-
search. The most popular model to date has been the
deprivation of form or pattern vision in the chick: if
chicks are reared wearing a translucent occluder over
one or both eyes during the ﬁrst few days or weeks of
life, they develop profound myopia in the occluded
eye(s) (Wallman, Turkel, & Trachtman, 1978; Yinon,
Rose, & Shapiro, 1980). As with high myopia in hu-
mans, the induced myopia is axial in nature, with vit-
reous chamber elongation being the major structural
change (Wallman & Adams, 1987).
A large number of studies have explored the spatio-
temporal properties of the visual stimulus reaching the
retina in relation to its potential to induce form-depri-
vation myopia (see for example, Bartmann & Schaeﬀel,
1994; Feldkaemper, Diether, Kleine, & Schaeﬀel, 1999;
Lauber & Kinnear, 1979; Rohrer, Iuvone, & Stell, 1995;
Schmid & Wildsoet, 1997; Stone, Lin, Desai, & Cape-
hart, 1995). However, the role of genetic background
in form-deprivation myopia development has, to our
knowledge, only been examined in ﬁve previous studies.
Troilo, Li, Glasser, and Howland (1995) compared
normal eye growth, and the response to form-depriva-
tion, in two diﬀerent strains of WL chick: the Cornell-K
and Washington H & N strains. The two strains were
found to diﬀer in their normal growth pattern, with
Cornell-K chicks developing ﬂatter corneas, thicker
lenses and deeper vitreous chambers. Moreover, mon-
ocular form-deprivation induced by translucent oc-
cluders produced myopia at a diﬀerent rate in the two
strains. The H & N strain developed their myopia ear-
lier, and exhibited deeper vitreous chambers than their
Cornell-K counterparts at the end of the 4 week visual
deprivation period. This led the authors to conclude that
genetic background did indeed inﬂuence environmen-
tally induced myopia development and that through
selective breeding it might be possible to isolate the
genes involved in determining this susceptibility. In a
second report, Stone et al. (1995) assessed the complex
issue of photoperiod (the relative duration of the light
and dark cycle) in relation to form-deprivation myopia,
again in two strains of WL chicken: this time the stable,
inbred Cornell-K strain used by Troilo et al. and a
commercial outbred line (‘‘Truslow chicks’’). After 2
weeks of monocular visual deprivation (induced by lid-
suture) under a 12 h light/dark cycle, similar diﬀerences
between the two strains were found to those described
by Troilo et al. for Cornell-K and Washington H & N
chicks. The Cornell-K chicks again lagged behind their
outbred Truslow counterparts in developing myopia,
and exhibited markedly diﬀerent anterior segment di-
mensions. Together these results suggest that it is the
Cornell-K strain that is unusual in its response to form-
deprivation, since this usually has only subtle eﬀects on
corneal curvature, ACD and lens thickness (Wallman &
Adams, 1987). Zhu and colleagues (Zhu, Lin, Stone, &
Laties, 1995) found that male Truslow chicks, which
normally develop eyes with slightly longer anterior and
vitreous chambers than do females of the same strain,
were more susceptible to form-deprivation myopia than
females. The males developed signiﬁcantly more myo-
pia, due to a greater elongation of both the anterior and
vitreous chambers. Schmid and Wildsoet (1996) found
that after 2 weeks of form-deprivation, induced by ei-
ther translucent occluders or lid-suture, WL chicks de-
veloped signiﬁcantly more myopia and vitreous chamber
elongation than did ML chicks. Sex diﬀerences were also
investigated in the WL chicks, but the level of induced
myopia was found not to diﬀer signiﬁcantly between
males and females. Finally, like Schmid and Wildsoet,
Sivak, Barrie, and Weerheim (1989) examined the level
of form-deprivation myopia induced in WL and ML
chicks, but these authors used a bilateral form-depri-
vation paradigm. However, a comparison of unilateral
form-deprivation myopia between WL and rock hen
chicks was also presented. After 2 weeks of bilateral form-
deprivation, WL chicks developed signiﬁcantly more
myopia than did MLs. In contrast, after 2 weeks of
unilateral form-deprivation, WL and rock hen chicks
were found to develop comparable levels of myopia.
We considered that identifying the QTL that de-
termine susceptibility to deprivation-induced vitreous
chamber elongation would be particularly informative
because such loci might represent potential therapeutic
targets for arresting myopia progression. In this respect,
the Cornell-K and outbred WL chicks were not ideal as
strains in which to map such QTL for two reasons.
Firstly, the major diﬀerence between the strains in terms
of VCD changes was in the rate of deprivation-induced
elongation as opposed to the absolute degree of elon-
gation. Secondly, the within-strain variance was high
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and there was little diﬀerence between the strains, sug-
gesting there was no realistic expectation of mapping a
QTL for the traits measured. For the Cornell-K and
Washington H & N strains used by Troilo et al., at 4
weeks the standard deviation of the VCD elongation
was of the order of 0.4–0.5 mm, whilst the diﬀerence in
extent of elongation between the two strains was ap-
proximately 0.5 mm. This suggests that several genera-
tions of selective breeding would be required in order to
produce a suﬃciently marked diﬀerence between-strains
that QTL for VCD could be mapped. In contrast, the
diﬀerences between WLs and ML chicks described by
Schmid and Wildsoet (1996) suggested that the use of
strains that had more dissimilar genetic backgrounds
were likely to display greater diﬀerences in susceptibil-
ity to deprivation-induced vitreous chamber elongation
than occurs in diﬀerent strains of WLs.
We chose to compare a WL strain with a ML line
that is known to diﬀer markedly in genetic background,
and that preliminary investigation suggested normally
developed signiﬁcantly larger eyes (in contrast to the
WL and ML strains studied by Schmid and Wildsoet,
which had similar eye sizes). As a further comparator,
we also studied a strain of BL chicks since the eye size of
these chicks was predicted to be similar to that of the
WLs in a line that had no recent coancestory.
2. Materials and methods
2.1. Experimental design
We chose a 4 week period of monocular form-
deprivation, beginning soon after hatching. We expected
that by 4 weeks, the degree of induced myopia would
have reached its peak or plateau (Wallman & Adams,
1987) and therefore that between-strain diﬀerences in
the full extent of myopic eye enlargement would be ev-
ident. The use of heavily frosted translucent occluders
was chosen over that of lightly frosted ones, in the ex-
pectation of driving form-deprivation myopia develop-
ment at its maximal rate in susceptible chicks. Finally,
the use of translucent occluders was preferred over lid
suture, since it allowed an assessment of ocular refrac-
tion midway through the period of visual deprivation,
and because it precluded spurious between-strain dif-
ferences due to diﬀerential form vision degradation by
the lids of diﬀerent strains.
2.2. Visual deprivation
Occluders were formed using a compression mould-
ing technique from a sheet of 0.8 mm thick translucent
polypropylene (Seawhite Ltd., UK) and had an absor-
bance of 0.07 log units. All occluders were formed from
a single sheet of plastic to ensure uniformity of trans-
lucency.
The WL line was based on a commercial egg lying
strain that has been maintained by random mating at
the Roslin Institute for about 10 years. The BL line has
been maintained as a closed ﬂock for over 50 years at
the Roslin Institute and its relatively poor rate of egg
production is similar to other traditional breeds of
chicken. Male and female WL and BL chicks were ob-
tained on the same hatch day. Day-old chicks from a
pedigree ML line hatched at a similar time were ob-
tained from a commercial hatchery.
All experiments were carried out in accordance with
UK legislation and the European Communities Council
Directive 86/609/EEC (1986). Chicks of all three strains
were housed together in an incubator with transparent
Plexiglas sides and lid, under a 12 h light/dark cycle.
Fluorescent lamps mounted to the ceiling of the room
provided an illumination of 270–290 lx at chick eye level
in the incubator. At 2 weeks of age, chicks were trans-
ferred to a large transparent Plexiglas ﬂoor pen that
provided an illumination of 250–300 lx at chick eye
level. Food and water were provided ad libitum. At 5
days of age, chicks were anaesthetised with a mixture of
ketamine (50mg/kg) and xylazine (3.5 mg/kg), and ocular
component dimensions were measured with an A-scan
ultrasound system consisting of a 20 MHz transducer
of focal length 25 mm ﬁtted with a saline stand-oﬀ of
15 mm which was perfused at a rate of 0.15 ml/min, a
Panametrics model 5073PR pulser-receiver and a per-
sonal computer ﬁtted with a Keithley DAS-4200 data
acquisition card. Traces were sampled at 100 MHz and
ﬁles saved after averaging 64 traces. Three measure-
ments were taken per eye, with the probe removed and
re-aligned between measures. Traces were analysed with
custom-written software, assuming an ultrasound ve-
locity of 1.6078 mm/ls in the lens and 1.534 mm/ls in
the other ocular media (Wallman & Adams, 1987). A
translucent occluder was used to cover one eye, attached
via a Velcro ring as described by Irving, Sivak, and
Callender (1992). The numbers of chicks of each strain
used were: 10 WL, 10 BL, and 12 ML. However, 1 BL
chick died on the ﬁrst night after occlusion.
After 2 and 4 weeks of form-deprivation, chicks were
anaesthetised as above, and a series of ocular measures
was taken. Ocular refraction was assessed by streak re-
tinoscopy, performed to the nearest 0.50 D in the hori-
zontal and vertical meridians, without cycloplegia or
mydriasis. Central corneal curvature was assessed using
an American Optical one-position keratometer (modi-
ﬁed as described by Norton & McBrien, 1992). Three
keratometry measurements were taken in the horizontal
and vertical meridians for each eye. A-scan ultraso-
nography was carried out as described above. Blood
samples were taken from WL and BL chicks at the end
of the treatment period for sexing purposes (a blood
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sample was not obtained from one WL chick which
underwent perfusion ﬁxation for use in another study).
2.3. Sexing
Chicks of both sexes were used so that between-sex
eﬀects and sex–strain interactions could be studied. ML
chicks were sexed at birth by venting whilst WL and BL
chicks were sexed after the experiment using a genetic
test. The genetic sexing test, which was based on the
methods of Griﬃths, Double, Orr, and Dawson (1998)
and Nota and Takenaka (1999), relies on the presence of
a HaeIII restriction enzyme cutting site in the CHD
(Chromo-Helicase-DNA binding) gene copy carried on
the chick Z sex chromosome that is absent on the chick
W sex chromosome (male birds carry two Z chromo-
somes whilst females carry one Z and one W chromo-
some). Thus after PCR (polymerase chain reaction)
ampliﬁcation, the products generated from the similarly
sized CHD-Z and CHD-W alleles could be diﬀerentiated
by virtue of their sensitivity to HaeIII digestion. This
technique had the advantage that neither failure of the
PCR ampliﬁcation step or of the restriction digest could
lead to sex misspeciﬁcation.
2.4. Statistical analysis
Ocular refraction was analysed as mean sphere
(spherical component plus half the cylinder power),
sphere only (spherical component in the least minus
meridian) and cylinder only. No correction was made to
account for the artefact of retinoscopy (Glickstein &
Millodot, 1970; Wallman, Adams, & Trachtman, 1981).
Keratometry measures were analysed as the ‘‘Mean-K’’
of the horizontal and vertical triplicate readings taken
for each eye. Ultrasound measures were analysed after
averaging the triplicate readings taken for each eye.
‘‘Relative’’ quantities for all measurements were calcu-
lated as the value in the treated eye minus that in the
control eye.
Measurements taken on the same birds after 2 and 4
weeks of deprivation were compared using paired t-tests.
The use of the genetic sexing protocol for the WL and
BL chicks meant that the number of animals of each sex
could not be chosen to be equal at the start of the ex-
periment, thus precluding the use of 2-way Analysis of
Variance (ANOVA). Therefore the eﬀects of strain, sex
and strain–sex interaction were assessed using a Resid-
ual Maximum Likelihood Estimation (REML) method,
under a ﬁxed strain sex model and a ﬁxed strainþ sex
model, implemented in the GenStat 5 software package.
Signiﬁcant strain diﬀerences were subsequently assessed
using Tukeys HSD test under a 1-way ANOVA model
in which sex was ignored, in Minitab 13. Values quoted
in the text are presented as mean 1 standard error of
the mean (SEM).
3. Results
3.1. Strain-dependent occluder loss
Occluder loss, which was highly strain-dependent,
became an important consideration as the experiment
progressed. Whilst no WL chick lost an occluder during
the 4 weeks of visual deprivation, the much larger
ML chicks had all learned to remove their occluders
using their claws, by about 3 weeks of deprivation. The
BL chicks were intermediate in their occluder-removal
habits. At the 2 week time-point, one ML chick had lost
its occluder on several occasions and so was withdrawn
from the study prior to refractive measurements being
taken. Three additional ML and one BL chicks had also
lost their occluders on one occasion by this stage, but
the occluders had been replaced within 4 h and were
not removed again up to the 2 week time-point. Only a
single BL chick reached the 4 week stage without losing
its occluder on at least one occasion. Unfortunately,
once chicks learnt how to remove their occluders, they
would remove them as soon as they were replaced. This
behaviour precluded a reliable investigation of form-
deprivation beyond the 2 weeks time-point in the BL
and ML strains.
3.2. Within-strain diﬀerences (Table 1)
The initial ultrasound results showed no signiﬁcant
diﬀerences between the two eyes at this stage of normal
development when the chicks were 5 days of age (data
not shown). As expected, the treated eyes of chicks of
all three strains became highly myopic after form-
deprivation, mainly due to vitreous chamber elongation.
However, as mentioned above, only WL chicks could be
followed for the full 4 weeks. After this 4 week period of
deprivation, the WL chicks became signiﬁcantly more
myopic (mean sphere) than they had been at 2 weeks (t-
test; p < 0:05), but this eﬀect appeared to be due to an
increase in astigmatism (t-test; p < 0:01) rather than
sphere only (t-test; p ¼ 0:74). The corneas of both the
treated and control eyes of these WL chicks ﬂattened
signiﬁcantly over the second 2 weeks of deprivation
(Table 1), but the degree of ﬂattening did not diﬀer
signiﬁcantly between treated and control eyes (ANOVA;
p ¼ 0:40). After 4 weeks of deprivation, the WL chicks
showed a greater diﬀerence in AL between treated and
control eyes than at the 2 week time point (t-test;
p < 0:02). Whilst the diﬀerences in ACD and LT did not
change signiﬁcantly over this period, the diﬀerence in
VCD was greater at 4 weeks (t-test; p < 0:02). Thus,
during the second 2 weeks of form-deprivation, the eyes
of the WL chicks developed more myopia (mainly myo-
pic astigmatism) and longer vitreous chambers than at
the 2 week time point. However, these eﬀects were small
in comparison to the dramatic changes that occurred in
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the ﬁrst 2 weeks of deprivation. For example, the
amount of myopia induced by form-deprivation had
reached 88% of its ﬁnal value after 2 weeks ()29.00 D
versus )32.98 D). Likewise, the amount of vitreous
chamber elongation induced had reached 81% of its ﬁnal
value (1.18 mm versus 1.45 mm).
3.3. Between-strain diﬀerences in the extent of induced
myopia (Table 1 and Fig. 1)
At 2 weeks the degree of induced myopia did not dif-
fer signiﬁcantly between-strains either for mean sphere,
sphere only, or cylinder only (REML; p ¼ 0:31, 0.21,
0.34, respectively). Similarly, there was no between-
strain diﬀerence in the eﬀect of form-deprivation on
Mean-K or ACD (REML; p ¼ 0:26 and 0.28, respec-
tively). However, there were statistically signiﬁcant bet-
ween-strain diﬀerences in LT, VCD and AL in response
to form-deprivation (REML, p < 0:001, p < 0:001 and
p < 0:02, respectively). Post hoc tests showed that the
lenses of WL chicks tended to thicken during form-
deprivation, whilst those of the BL chicks tended to be-
come thinner (Tukeys, p < 0:0001). Meanwhile the ML
chicks developed a greater degree of vitreous chamber
elongation than did BL chicks (1:42 0:29 mm versus
1:01 0:24 mm; Tukeys, p < 0:0001). The VCD elon-
gation in WL chicks (1:18 0:20 mm) was approxi-
mately midway between that observed in the other two
strains. Between-strain AL elongation did not reach
statistical signiﬁcance when analysed independently of
sex (ANOVA; p ¼ 0:06).
3.4. Between-strain diﬀerences in control eyes (Table 1
and Fig. 2)
Form-deprivation generally has little eﬀect on the
refractive state and ocular component dimensions of
control eyes (Bradley, Fernandes, & Boothe, 1999;
Wildsoet & Wallman, 1995), so that between-strain
diﬀerences in these traits in control eyes have been used
to gauge variations in normal eye growth (Stone et al.,
1995; Troilo et al., 1995). Whilst ocular refraction in
control eyes at the 2 week time-point did not diﬀer sig-
niﬁcantly between-strains when analysed as mean sphere
(p ¼ 0:64), there were subtle diﬀerences in sphere only
and cylinder only powers (REML, both p < 0:02). Post
hoc tests suggested that WL chicks were more hyperopic
and more astigmatic than ML chicks (Table 1; Tukeys,
p < 0:02 and p < 0:05, respectively). However, in com-
parison to these minor variations in refraction, there
were striking diﬀerences in ocular component dimen-
sions (Fig. 2). At 2 weeks, WL chicks had markedly
Table 1
Ocular refraction and ocular component dimensions of chicks after 2 weeks ( or 4 weeks) of monocular form-deprivation
MLs (n ¼ 11) BLs (n ¼ 9) WLs (n ¼ 10) WLs ðn ¼ 10Þ
Mean sphere (D)
Treated eye )24.05 8.64 )20.28 8.44 )24.83 5.98 )29.83 6.84
Control eye 3.86 0.83 4.50 1.17 4.18 0.99 3.15 0.67
Sphere only (D)
Treated eye )18.73 6.03 )16.67 8.44 )20.60 5.87 )22.30 4.76
Control eye 4.45 1.10 5.44 1.10 5.75 0.92 3.55 0.69
Cylinder only (D)
Treated eye )10.64 8.72 )7.22 2.94 )8.45 5.00 )15.05 8.34
Control eye )1.18 1.42 )1.89 1.27 )3.15 1.94 )0.80 0.92
Mean-K (mm)
Treated eye 3.550 0.101 3.357 0.062 3.126 0.107 3.502 0.150
Control eye 3.550 0.101 3.357 0.062 3.236 0.053 3.697 0.108
ACD (mm)
Treated eye 1.926 0.273 1.907 0.179 1.601 0.135 1.840 0.157
Control eye 1.638 0.056 1.509 0.024 1.394 0.044 1.623 0.025
LT (mm)
Treated eye 2.192 0.090 2.351 0.039 2.389 0.033 2.641 0.063
Control eye 2.216 0.070 2.401 0.030 2.375 0.036 2.642 0.026
VCD (mm)
Treated eye 7.393 0.402 6.411 0.328 6.246 0.184 7.291 0.128
Control eye 5.977 0.224 5.397 0.128 5.064 0.118 5.838 0.125
AL (mm)
Treated eye 11.511 0.453 10.669 0.480 10.236 0.278 11.772 0.163
Control eye 9.832 0.242 9.307 0.157 8.834 0.139 10.103 0.154
Values shown are means standard deviation.
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steeper corneas than MLs, with BL chicks between the
two. Likewise, WL chicks had vitreous chambers that
were almost 1 mm shorter than MLs, and anterior
chambers that were almost 0.25 mm shorter, again with
BL chicks in between. However, for LT the pattern was
reversed, with MLs having thinner lenses than chicks of
the other two strains. All of these diﬀerences were highly
signiﬁcant (Fig. 2). The diﬀerences noted at the 2 weeks
time-point were also apparent at the initial measurement
stage when the chicks were 5 days old (for each pa-
rameter, all strains were signiﬁcantly diﬀerent from each
other at least at the p < 0:001 level by Tukeys HSD test,
except for the ACD in WL versus BL chicks which was
not signiﬁcantly diﬀerent; data not shown).
3.5. Between-sex diﬀerences
The genetic test used for sex determination provided
unambiguous results (Fig. 3). None of the treated eye
minus control eﬀects resulting from form-deprivation
diﬀered between the two sexes (REML, p ¼ 0:53, 0.32,
0.55, 0.26, 0.66 and 0.94 for mean sphere, sphere only,
Cyl only, Mean-K, ACD and LT, respectively) apart
from VCD and AL (REML, both p < 0:02). This was
due to males showing approximately 0.2 mm more VCD
and AL elongation than females. In addition, for Mean-
K there was evidence of a small strain x sex interaction
(REML, p ¼ 0:032) even though neither sex or strain
had a signiﬁcant eﬀect alone.
Signiﬁcant between-sex diﬀerences were evident also
for the absolute magnitude in control eyes of mean
sphere (þ4:66 0:23 D in males and þ3:56 0:38 D in
females; REML, p < 0:01) and Cyl only (1:44 0:34
D in males and 2:65 0:54 D in females; REML,
p < 0:05). Control eyes tended to have similar ocular
component dimensions in the two sexes, except for LT
(2:35 0:02 mm in males and 2:28 0:03 mm in fe-
males; p < 0:02). In addition, there was a suggestion of
a strain x sex interaction for VCD and AL (REML,
both p < 0:05). Male and female chicks were not sig-
niﬁcantly diﬀerent in weight at this age (19 days), but
there were considerable diﬀerences in weight between
the three strains (111 4 g for WL, 125 5 g for BL
and 439 15 g for ML chicks; REML, p < 0:001).
Fig. 1. Changes in refractive and ocular component dimensions in response to 2 weeks of form-deprivation myopia in three strains of chick. WL:
n ¼ 10, BL: n ¼ 9 and ML: n ¼ 11. Diﬀerences were calculated as the level of each parameter in the treated eye minus that in the control eye. Error
bars show one SEM. p < 0:0001, Tukeys HSD test.
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4. Discussion
This investigation identiﬁed just two signiﬁcant dif-
ferences in the response to form-deprivation in the three
strains of chick examined. Firstly, ML chicks showed
greater vitreous chamber elongation than did BL chicks,
with the WL chicks falling midway between. Secondly,
the lenses of WL chicks tended to thicken in form-de-
prived eyes whereas they tended to thin in the treated
eyes of the other two strains. The magnitude of the be-
tween-strain diﬀerence in vitreous chamber elongation
was substantial, at 0.4 mm. However, the within-strain
variance of this response was also high (the change in
VCD in ML chicks had a standard deviation of 	0.3
mm). Thus in terms of QTL mapping potential, the
between-strain diﬀerence in the eﬀect of form-depriva-
tion on vitreous chamber elongation was poor, as was
Fig. 3. Genetic sexing of chicks. HaeIII digestion of CHD PCR
products from WL and BL chicks yielded major bands at 362 and 280
bp for the CHD-W and CHD-Z alleles, respectively. Females (WZ)
appear as heterozygous (two bands), males (ZZ) homozygous (one
band). Lane numbers refer to individual chicks. M and F denote male
and female positive control reactions (samples from adults chickens of
known sex).
Fig. 2. Refractive and ocular component dimensions in the control eyes of three strains of chick. WL: n ¼ 10, BL: n ¼ 9 and ML: n ¼ 11. Error bars
show one SEM. p < 0:0001, p < 0:00001, Tukeys HSD test.
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also the case with lens thickness. The between-strain
diﬀerences in response to form-deprivation seen here
were similar in magnitude to those reported by Stone
et al. (1995) and Troilo et al. (1995) for outbred WL and
inbred Cornell-K chicks, and by Schmid and Wildsoet
(1996) for WL and ML chicks. However, our results
contrast with those of Schmid and Wildsoet in that their
WL chicks showed greater vitreous chamber elongation
than did ML chicks, whereas we found the reverse. Also,
2 weeks of form-deprivation imparted by translucent
occluders produced a 10 D diﬀerence in the level of in-
duced myopia in the former study (31:0 4:8 D versus
21:3 8:5 D in WL and ML chicks, respectively,
Schmid & Wildsoet, 1996). Quantitatively, the normal
eye growth and the response to form-deprivation in the
strains of WL chicks studied by Schmid and Wildsoet
and ourselves were extremely similar (e.g. AL of control
eyes 	9 mm, induced vitreous chamber elongation 	1.2
mm, induced myopia 	)30 D). The ML chicks, how-
ever, were grossly diﬀerent in each respect. For example,
the mean AL of the control eyes of the ML chicks
studied by Schmid and Wildsoet did not diﬀer signiﬁ-
cantly from that of their WL chicks over the ﬁrst 3
weeks of the period of form-deprivation. This suggests
that the Australian ML strain used by Schmid and
Wildsoet (1996) and the Scottish ML strain described
here diﬀer in several key aspects of normal eye growth.
In marked contrast to the high variance that char-
acterised the response to form-deprivation, control eyes
tended to develop extremely uniform within-strain oc-
ular component dimensions (Fig. 2). Coupled with the
considerable diﬀerences in eye size between the three
strains examined, this would make these parameters
highly amenable to QTL mapping. For example, crosses
between WL and ML chicks should be capable of dis-
closing QTL that regulate the depth of the anterior and
vitreous chambers and the curvature of the central
cornea, since in each case the between-strain diﬀerence
in size at the 2 week time-point was 3–4 times the within-
strain standard deviation. Experiments in inbred mouse
strains have already shown the potential for mapping
the QTL that control normal eye size and have shown
that eye size in mice is determined independently of
body size for the most part (Grupe et al., 2001; Zhou &
Williams, 1999a,b). However, the larger eye size of
chicks as compared to mice should extend the capabil-
ities of this approach to identifying genes that control
speciﬁc ocular component dimensions, and discovering
whether, for example, the same gene(s) control ACD
and VCD, or ACD and central corneal curvature. In
addition, such an investigation should be capable of
better disclosing the degree to which genes controlling
speciﬁc ocular component dimensions act independently
from those controlling other metric traits.
The sex of chicks had very modest eﬀects on the oc-
ular component dimensions of control eyes compared to
the strain of the chicks. Female chicks were about 1.50
D less hyperopic than males, possibly due to diﬀerences
in the crystalline lens, which was thinner in females than
males. This contradicts the ﬁndings of Zhu et al. (1995),
whose male WL chicks became about 1.00 D less hy-
peropic than females and tended to have larger eyes.
Similarly, whereas we found only minor sex diﬀerences
in the response to form-deprivation in our chick strains,
Zhu et al. found that their male WL chicks developed
over 10 D more myopia than females after 2 weeks. The
male and female WL chicks studied by Schmid and
Wildsoet (1996) did not diﬀer signiﬁcantly either in their
normal pattern of eye growth or their response to form-
deprivation.
An obvious limitation of this study was its inability to
examine form-deprivation beyond the 2 week time-point
in BL and ML chicks, since these birds generally learnt
how to remove their occluders shortly after this time.
Whilst lid suture would have been a more eﬀective
means of maintaining visual deprivation for the full 4
weeks, we decided against using this means of occlusion
since we could not rule out the possibility that between
strain diﬀerences in lid translucency would produce
diﬀerential susceptibility to form-deprivation. Although
this eﬀect would have been genetic in origin, it would
have related to an eﬀect on the visual stimulus itself
rather than in the response to a given myopigenic sti-
mulus. A previous study also reported frequent loss
of occluders in ML chicks (Hodos & Kuenzel, 1984).
Because no reliable data could be collected after the 2
week time-point in BL and ML chicks, the possibility of
more pronounced eﬀects occurring after a longer period
of visual deprivation cannot be ruled out. The WL
chicks showed much less vitreous chamber elongation
and myopia development during the second 2 weeks of
form-deprivation than they had done in the ﬁrst 2
weeks. However, it is conceivable that one or both of the
other two strains would have maintained a high rate of
myopic eye growth throughout.
Experiments by Bartmann and Schaeﬀel (1994) have
demonstrated that depriving chicks of form vision using
lightly frosted occluders induces less myopia than when
using heavily frosted ones (and similar results have been
reported in monkeys by Smith & Hung, 2000). We used
heavily frosted translucent occluders, with the aim of
inducing myopia at its maximum rate in each strain.
More subtle visual deprivation may have disclosed be-
tween-strain diﬀerences that were not apparent in re-
sponse to such gross form-deprivation. Importantly, the
high variance of the response to lightly frosted occluders
in the study of Bartmann and Schaeﬀel suggests that
some of their chicks did not develop myopia at all,
whereas others became highly myopic. An alternative
scenario would be that every chick eventually develops
myopia in response to form-deprivation, but that a de-
gree of diﬀerential susceptibility arises because individ-
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ual chicks diﬀer in their respective rate of myopic pro-
gression. If the latter argument is true, then form-de-
privation with lightly frosted occluders might provide an
alternative method of disclosing between-strain diﬀer-
ences in susceptibility to myopia, simply because it will
slow down the rate of myopic progression in each strain.
Similar rate-of-progression eﬀects should be evident
with heavily frosted occluders, but would probably
necessitate regular monitoring of refractive develop-
ment during the ﬁrst 2 weeks of deprivation. The data
of Troilo et al. (1995) suggest that rate-of-progression
diﬀerences exist between Washington H & N and Cor-
nell-K chicks even for heavily frosted occluders, but as
with the strains studied here, these diﬀerences are not
directly amenable to QTL mapping.
It is diﬃcult to predict how eﬀective selective breeding
would be in widening the gap between strains susceptible
to, and not susceptible to, form-deprivation myopia.
The high within-strain variance in the response to de-
privation seen here and in most other studies does sug-
gest that there is selection potential, but this assumes
that the diﬀerential susceptibility is genetic in origin.
However, the data from Troilo et al. (1995) are at odds
with this idea, because the highly inbred Cornell-K
strain chicks they studied in fact showed more variance
in the response to visual deprivation than did the out-
bred chicks (e.g. the standard deviation of the ocular
refractions for both treated and control eyes of Cornell-
K chicks was about double that of the Washington H &
N chicks). Thus it is possible that non-genetic factors
also make an important contribution to within-strain
variances in the response to deprivation, although it
seems diﬃcult to envisage what these factors could be.
In conclusion, this study found that in the strains
examined here, the large ML chicks normally developed
longer eyes than did their smaller Leghorn counterparts.
The amount of vitreous chamber elongation induced by
form-deprivation was also greater in the MLs. However,
the high within-strain variance of the vitreous chamber
elongation would hamper the use of this trait for QTL
mapping. A more promising approach is likely to be
an investigation of the QTL that determine the ocular
component dimensions of normal eyes, especially since
this approach should lead to the identiﬁcation of the
growth-regulatory genes themselves and subsequently
the regulatory networks in which they act. Because these
networks are potentially up-regulated in eyes developing
myopia, their component parts would be strong candi-
dates for determining genetic susceptibility to environ-
mentally induced myopia.
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